Viperin, a radical-S-adenosylmethionine (SAM) enzyme conserved from fungi to humans, can restrict replication of many viruses. Neither the molecular mechanism underlying the antiviral activity of Viperin, nor its exact physiological function, is understood: most importantly, no radical-SAM activity has been discovered for Viperin. Here, using electron paramagnetic resonance (EPR) spectroscopy, mass spectrometry, and NMR spectroscopy, we show that uridine diphosphate glucose (UDP-glucose) is a substrate of a fungal Viperin (58% pairwise identity with human Viperin at the amino acid level) in vitro. Structural homology modeling and docking experiments reveal a highly conserved binding pocket in which the position of UDP-glucose is consistent with our experimental data regarding catalytic addition of a 5 0 -deoxyadenosyl radical and a hydrogen atom to UDP-glucose.
The radical-S-adenosylmethionine (SAM) superfamily of enzymes catalyzes diverse and sophisticated radicalbased reactions [1] [2] [3] [4] . These enzymes contain a [4Fe-4S] cluster coordinated to three cysteine residues ( Fig. 1) in the highly conserved CxxxCxxC motif. Besides this conserved [4Fe-4S] cluster in some radical-SAM enzymes, an additional [4Fe-4S] or [2Fe-2S] cluster can be found [5] [6] [7] . The conserved [4Fe-4S] cluster reductively cleaves SAM to generate a 5 0 -deoxyadenosyl radical [2,7-9] (5 0 -dAdo radical; Fig. 1 ). The 5 0 -dAdo radical has been reported to participate in four types of reaction. In the absence of a substrate the 5 0 -dAdo radical abstracts a hydrogen atom from an unknown source to form a 5 0 -deoxyadenosine (5 0 -dAdoH) group [2] . In the presence of a substrate, the 5 0 -dAdo radical generally abstracts a hydrogen atom from a specific site in the substrate [1, 2, 7, 8] . The resulting substrate radical intermediate undergoes complex rearrangements to form the product (Fig. 1 ). In few cases, the 5 0 -dAdo radical is added to a C=C or C=O double bond in a substrate via an addition/elimination reaction [10, 11] , and in one case it is added reductively to a C=C double bond in a substrate to form a product [12] .
An uncharacterized member of the radical-SAM superfamily of enzymes is a protein named Viperin (virus inhibitory protein, endoplasmic reticulum (ER)-associated, interferon-inducible; officially known as RSAD2 or Cig5 in human). The Viperin gene was originally identified in fish as a virus-induced gene (Vig1) [13] , and was subsequently identified in humans. Viperin expression is induced by interferons [14] , and the Viperin protein is localized at the cytosolic face of the ER membrane [14] . Based on bioinformatics studies, it was concluded that Viperin is highly conserved from fungi to humans [15] , and based on biochemical studies, it was confirmed that Viperin is a radical-SAM enzyme [16, 17] . Since the identification of Viperin, multiple studies have revealed that expression of Viperin is induced via interferon-dependent or -independent pathways, and that Viperin expression restricts viral replication in vertebrates [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . However, the molecular mechanisms underlying the antiviral activity of Viperin have not been described. This is largely because substrate(s) of Viperin, and the chemical reaction(s) catalyzed by this enzyme, have not been identified. Recently, the X-ray crystal structure of mouse Viperin has been solved [29] . The structure reveals a highly conserved active site and it has been proposed that substrate of Viperin is a nucleotide triphosphate [29] . Here, we have characterized the enzymatic activity of Viperin from the thermophilic fungus Thielavia terrestris, which is a biomass degrading organism. This fungal Viperin was chosen because its thermostability facilitates biochemical characterization and because it has 58% and 59% pairwise identity with human and mouse Viperin at the amino acid level (respectively). We demonstrate that uridine diphosphate glucose (UDP-glucose) is a substrate of this enzyme in vitro and that Viperin has a highly conserved binding pocket for UDP-glucose. We show that the fungal Viperin catalyzes addition of a 5 0 -dAdo radical and a hydrogen atom from solvent to UDP-glucose.
Materials and methods
Details of chemicals, protein overexpression, and purification, activation of Viperin, preparation of samples for liquid chromatography-mass spectrometry (LC-MS) measurements, LC-MS analysis, and NMR spectroscopy measurements can be found in Appendix S1.
Measurements of the amount of iron per Viperin monomer
To measure the amount of iron per Viperin monomer, we used the ferene assay [30] . An standard curve was prepared by addition of reagents as previously described [31] to 100 lL solutions of ammonium iron(II) sulfate (Mohr's salt) in Milli-Q water with different concentrations between 0 and 200 lM. Protein samples were prepared by addition of 10 or 20 lL Viperin (90 lM monomer) to Milli-Q water to reach a final volume of 100 lL. Subsequently, reagents were added as previously described [31] . 
Thermostability measurements
A 7500 real-time PCR machine (Applied Biosystem) was used to measure melting temperature of the protein using a thermofluor assay. To perform the assay, 5 lL of Viperin protein (154 lM), 5 lL of fluorescence die SYPRO orange (509), and 40 lL of buffer were mixed in a microtiter plate. Buffer was 100 mM Tris, 300 mM NaCl, 5 mM DTT, pH 7.5 (pH was set by addition of HCl). The SYPRO orange fluorescence was measured as temperature was increased from 4 to 95°C under aerobic conditions. 
Preparation of anaerobic solutions of different metabolites and sodium dithionite

Electron paramagnetic resonance (EPR) spectroscopy
All CW X-band EPR measurements were carried out with a continuous wave X-band (9-10 GHz) Bruker EMX spectrometer with an X-band super-high-sensitivity probehead (Bruker Biospin). The instrument was equipped with a lowtemperature helium flow cryostat. For each EPR spectrum, the background spectrum of the buffer was subtracted. EPR analysis and simulation were performed using the programs demonstrated in reference [32] . 
LC-MS analysis
Measurements were performed using a Waters LCT Premier XE equipped with an electrospray interface. The LC consisted of a Waters Acquity Binary solvent manager, a PAL CTC Autosampler, and Waters Acquity column oven. The software was MASSLYNX 4.1. An aliquot of 5 lL of each sample was injected into the system. The column was a 2.1 9 50 mm (3 lm) ACE equivalence C18. The flow was 0.4 mLÁmin
À1
. The eluent gradient was: retention time 0-7 min, 5% acetonitrile, and 95% water-0.1% formic acid; retention time 7-8 min, 100% acetonitrile; and retention time of 8.1-10 min, 5% acetonitrile, and 95% water-0.1% formic acid. For accurate mass analysis, measurements were performed using a Thermo Exactive mass spectrometer equipped with Waters Acquity liquid chromatography system. Instrument control and data processing were performed using THERMO XCALIBUR Software. The system was calibrated on the day of the analysis and its mass accuracy with external calibration (as used for these experiments) is better than 5 p.p.m. for 24 h following calibration. Electrospray source conditions were adjusted to maximize sensitivity. About 5 lL of each sample was injected into the system. The column was a 2.1 9 50 mm (3 lm) ACE equivalence C18. A mixed eluent gradient was employed as described above. Analysis of data was performed using XCALIBUR or MESTRENOVA software. Mass tolerance was set to 2.0 p.p.m. for accurate mass analysis.
Results
Biophysical and biochemical characterization of a fungal Viperin
Bioinformatics studies have shown that the Viperin gene is highly conserved from fungi to humans [15] . We opted to study Viperin from T. terrestris, a thermophilic biomass degrading fungus, as its thermostability facilitates biochemical characterization. Both fungal and vertebrate Viperin have three domains ( Fig. S1 ): (a) the N-terminal hydrophobic domain, (b) the radical-SAM domain, and (c) the C-terminal domain. The Nterminal hydrophobic domain, which localizes human Viperin at the cytosolic face of the ER membrane [33] , is highly variable in Viperins from different species (Fig. S1 ). However, the radical-SAM domain, which contains the CxxxCxxC motif of the [4Fe-4S] cluster and the 'GGE' motif of the SAM-binding pocket, is highly conserved (Fig. S1 ). The C-terminal domain, whose function is not known but may involve substrate binding, is also highly conserved. Deletion of amino acid residues at the N or C terminus, and mutation of the cysteine residues of the CxxxCxxC motif of the radical-SAM domain, reduce or abolish the antiviral activity of human Viperin [18, 27, 34] .
Fungal Viperin was overexpressed in Escherichia coli and the protein was purified using His-tag chromatography ( Fig. S2A and Appendix S1). After purification, protein identity was confirmed using MS, the presence of iron-sulfur cluster was determined by UV-visible spectroscopy, and a relatively thermostable melting temperature of~50°C was determined using a thermofluor assay (Materials and methods). We compared the biophysical properties of fungal Viperin with those reported for human Viperin [17] : we studied the spectroscopic properties of the iron-sulfur cluster and its ability to reductively cleave SAM and generate 5 0 -dAdoH in the absence of substrate. The purified protein was anaerobically activated (Materials and methods) and subsequently reduced by addition of sodium dithionite. The reduced enzyme showed an EPR spectrum (gx = 2.022, gy = 1.92, and gz = 1.884; Fig. S2B (Fig. S2) . Analysis of data obtained by LC-MS revealed that only when sodium dithionite was added to a solution containing both Viperin and SAM, a product [M + H] with m/z of 252.1 was generated (Fig. S2C) . Accurate mass analysis of this product [M + H] confirmed an exact m/z of 252.10884 (Fig. S2D) . The observed MS spectrum of the product [M + H] is the same as the predicted MS spectrum [M + H] of 5 0 -dAdoH (Fig. S2D) . Therefore, the [4Fe-4S] cluster of fungal Viperin was functional and could reductively cleave SAM.
UDP-glucose interacts with fungal Viperin
A substrate of Viperin has not been identified. Different in vivo studies regarding the antiviral activity of human Viperin have shown that Viperin abolishes expression of viral glycoproteins [14] or perturbs formation of lipid rafts [23] , which are lipid microdomains with high content of glycolipids. Moreover, it has been shown that Viperin is localized at the cytosolic face of the ER membrane [14] , where glycosyltransferases catalyze transfer of a sugar from a nucleotide sugar to a lipid carrier to synthesize oligosaccharide precursors for glycosylation. Therefore, we hypothesized that a nucleotide sugar, which is a substrate for N-linked glycosylation, is a substrate of Viperin. Further support for this hypothesis is provided by structural studies of mouse Viperin [29] . The X-ray crystal structure shows a highly conserved active site for a nucleotide [29] . Therefore, we tested if nucleotide sugar substrates of the N-linked glycosylation machinery, specifically UDP-glucose, UDP-GluNAc, or GDP-Man, can interact with Viperin. As a control we checked interaction of FPP. This metabolite, which does not have a nucleotide group, is the product of the mevalonate pathway [35] and an intermediate for the biosynthesis of dolichol (the lipid carrier of sugars or oligosaccharides). Figure 2A shows the structural formula of each of the candidate metabolites. We used EPR spectroscopy to test the interaction of each metabolite with Viperin by observing its effect on the EPR spectrum of the reduced [4Fe-4S] cluster in the presence of SAM (Fig. 2B) . This approach was chosen as for many different radical-SAM enzymes, the EPR spectrum of the [4Fe-4S] cluster is affected by binding of the substrate [36, 37] .
Each metabolite was tested separately in the presence of SAM and reduced Viperin. The reactions were incubated at room temperature (~20°C) for 10 min under anaerobic conditions, before EPR samples were prepared (Materials and methods). The EPR spectrum of the Viperin [4Fe-4S] cluster with each tested metabolite and SAM was compared to that of the cluster in the presence of SAM but absence of any metabolites (Fig. 2B) . We found that only addition of UDP-glucose significantly changed the EPR spectrum of the [4Fe-4S] cluster. UDP-GluNAc has an N-acetylglucosamine instead of glucose in UDP-glucose ( Fig. 2A) , whereas GDPMan has a guanine group instead of the uracil in the UDP-glucose molecule, and the mannose group is structurally very similar to that of glucose in UDP-glucose (mannose is a C2 epimer of glucose; Fig. 2A) . Therefore, the observation that UDP-GluNAc and GDP-Man did not affect the EPR spectrum of the [4Fe-4S] cluster suggests that the interaction of UDPglucose with fungal Viperin is specific. These data suggest that UDP-glucose binds a specific pocket near SAM and the [4Fe-4S] cluster. Indeed, the X-ray crystal structure of mouse Viperin has revealed an active site for a nucleotide near SAM and the [4Fe-4S] cluster [29] . Next, we investigated the origin of the observed change in the EPR spectrum of the [4Fe-4S] cluster due to the addition of UDP-glucose (Fig. 2B) . We recorded the EPR spectrum of the reduced [4Fe-4S] cluster in the presence of SAM and UDP-glucose at different temperatures (5-50 K; Fig. 2C ). The results were compared with those of the [4Fe-4S] cluster in the presence of SAM only (Fig. 2D) . For both samples, increasing the temperature from 5 K to 50 K caused the spectrum of the [4Fe-4S] cluster to gradually disappear (Fig. 2C,D ) but there were notable differences. In the sample containing UDP-glucose (Fig. 4B) , as the temperature was increased from 5 to 20 K, a peak at g = 2.021 appeared, which disappeared as the temperature was increased to 30 K. A further increase in temperature revealed new features (g ‖ = 2.056 and g ⊥ = 2.008): the resulting spectrum resembles that of the proposed intermediate Ω (g ‖ = 2.035 and g ⊥ = 2.004) formed in the reaction catalyzed by pyruvate formate-lyase activating enzyme when substrate was present [38] . Intermediate Ω was suggested to be a Fe-[5 0 -C]-deoxyadenosyl [38] . The abrupt change in the EPR spectrum upon increasing temperature from 20 K to 30 K (Fig. 4C) Fungal Viperin catalyzes addition of a 5 0 -dAdo radical and a hydrogen atom to UDP-glucose Next, we used LC-MS and checked for the formation of a product in the presence of UDP-glucose (Fig. 3A) . Different components of the reaction could be identified by this method (Fig. S3) . Compared to three control experiments in each of which UDP-glucose, Viperin, or sodium dithionite was absent (Fig. 3A) , only in the combined presence of Viperin, SAM (2-fold more than UDP-glucose), UDP-glucose, and sodium dithionite was a product [M + H] with m/ z of 818.1 detected (Fig. 3A) . The product [M + H] had an accurate m/z value of 818.1636 (Fig. 3B) . The MS spectrum of the product and its isotope pattern (Fig. 3B) ). This conclusion was consistent with two sets of data: (a) LC-MS analysis showed that the amount of 5 0 -dAdoH by-product in the presence of UDP-glucose was less than that in the absence of UDP-glucose (Fig. S4 ). This observation suggests that the 5 0 -dAdo radical was consumed to form the product. (b) Hydrogen/deuterium exchange experiments (Fig. 3C-D) showed that a hydrogen atom from the solvent was added to UDP-glucose together with a 5 0 -dAdo radical to form the product. To check if a hydrogen atom was added to the product, we carried out the reaction in D 2 O or in H 2 O (Appendix S1). Then, we performed LC-MS analysis (Fig. 3C-D (Fig. 3C-D) . The increase of 1 Da in the mass of the product when the reaction was performed in D 2 O confirmed that a hydrogen atom was added to UDP-glucose together with the 5 0 -dAdo radical to from the product, and that the source of hydrogen atom was the solvent.
The amount of product formed at different time points was estimated as explained in Appendix S1. The results showed that the time course for formation of the product (Figs S5 and S6A) was consistent with that for consumption of UDP-glucose. After 420 min (Fig. S6A) ,~60% of UDP-glucose was converted to the product, which based on the concentration of the active enzyme (~120 lM) translates as 5 AE 1 turnovers per enzyme molecule. Such a low turnover number is common among radical-SAM enzymes [3, 39] and is expected when activity of a thermophilic enzyme is measured at room temperature. Analysis of product formation after addition of varying amounts of UDP-glucose at a constant SAM concentration (2 mM; Fig. S6B ) gave an approximate Michaelis-Menten constant (K m ) of 6.60 AE 0.23 mM for UDP-glucose. This K m is within the mM range reported for some of the enzymes whose substrate is UDP-glucose [40] [41] [42] .
The binding pocket of UDP-glucose is highly conserved Next, we investigated if a binding pocket consistent with the results of our EPR spectroscopy and LC-MS exists. The amino acid sequence of T. terrestris Viperin was submitted to PHYRE server and the structure of T. terrestris Viperin (Fig. S7A ) was predicted based on the structure of mouse Viperin (PDB Code: 5VSL; Fig. S7B ). Subsequently, in silico docking experiments to identify a binding pocket for UDP-glucose were performed using YASARA software [43] to implement the AUTODOCK approach [44] . The predicted binding pocket of SAM (Fig. 4A) is very similar to that observed in the X-ray crystal structure of mouse Viperin (Fig. 4B) . Then, docking experiments were performed to check if a binding pocket for UDP-glucose exists. To achieve this goal, we defined a simulation cell covering the entire central cavity of the predicted structure of fungal Viperin (Fig. S6A ) and the X-ray crystal structure of mouse Viperin (Fig. S6B) . In this central cavity, a putative active site for a nucleotide has been suggested [29] . The binding pocket with the highest estimated binding constant for UDP-glucose was identified (Fig. 4A-B) . Based on the X-ray crystal structure of mouse Viperin, 15 highly conserved residues (orange circle, Fig. 4C ) were suggested to form an active site for a nucleotide as a substrate. The results of docking experiments show that Fig. 4 . Docking experiments predict a highly conserved binding pocket for UDP-glucose. (A) The predicted binding pocket of SAM and UDP-glucose in fungal Viperin, and (B) that of UDP-glucose in mouse Viperin. Structure of fungal Viperin was obtained using structural homology modeling, and the structure of mouse Viperin was obtained from the Protein Data Bank (PDB code: 5VSM). The x-ray crystal structure of mouse Viperin (PDB code: 5VSM) was obtained in the presence of 5-dAdoH. Docking of SAM in the structure of fungal Viperin and UDP-glucose in the structure of fungal and mouse Viperin was performed using YASARA software. (C) All of the amino acid residues of the predicted binding pocket of UDP-glucose in fungal Viperin (magenta circles) and in mouse Viperin (blue circles) are the same. The amino acid residues previously assigned to a putative active site [29] are marked with orange circles. The amino acid alignment of Viperin from different species, from top to bottom: Mus musculus, human, Siniperca obscura, Loxodonta africana, Equus caballus, Thielavia terrestris, Rhizophagus irregularis, and Aspergillus nomius. For clarity of the alignment, the N-terminal amino acid residues are not shown. more than 80% of the amino acid residues of the predicted binding pocket for UDP-glucose (Fig. 4C) are the same as those of the proposed active site. Six of these residues are located in the highly conserved radical-SAM domain close to the CxxxCxxC and GGE motives (Fig. 5C) . Many of the residues of this binding pocket are localized on the C-terminal domain of Viperin. This observation supports the importance of the C-terminal residues in the catalytic activity of Viperin. These data suggest that a highly conserved binding pocket for UDP-glucose exists in Viperin from diverse species.
NMR spectroscopy confirmed binding of UDPglucose and formation of a product Finally, we investigated the binding of Viperin with UDP-glucose and SAM, and their catalysis using 1 H-NMR spectroscopy (Fig. 5) . Four samples were prepared: a sample containing Viperin, SAM, UDPglucose, and sodium dithionite (SD), and three samples in which either UDP-glucose, Viperin, or sodium dithionite was not added. The assignment of the proton peaks in the spectrum of the sample to which Viperin was not added [trace (A), Fig. 5 ] was performed based on the previously published data for SAM [45] and UDP-glucose [46] . When sodium dithionite was not added, the spectrum [trace (C), Fig. 5 ] showed significant changes in the chemical shifts of the protons of SAM and UDP-glucose compared to those in the spectrum of SAM and UDP-glucose in solution [trace (A), Fig. 5 ]. This observation is consistent with binding of these molecules to protein and changes in the chemical shifts of their protons due to the protein environment. When SAM and sodium dithionite were added to Viperin in the absence of UDP-glucose [trace (B), Fig. 5 ], the proton peaks assigned to SAM significantly changed compared to the sample in which sodium dithionite was not added [trace (C), Fig. 5 ]. This observation suggests that the enzyme cleaved SAM, which is consistent with the result of LC-MS analysis. When sodium dithionite was added to a sample containing Viperin, SAM, and UDP-glucose [trace (D), Fig. 5 ], the proton peaks assigned to UDPglucose significantly changed compared to the sample in which sodium dithionite was absent [trace (C), Fig. 5 ]. These data suggest occurrence of a chemical reaction and conversion of UDP-glucose to a product. Further studies are underway to optimize purification of the product for in-depth NMR analysis.
Discussion
In summary, using EPR spectroscopy we show that UDP-glucose interacts with Viperin and that this interaction does not occur if glucose is replaced by N-acetylglucosamine, or the uracil group is replaced by guanine. Therefore, interaction of UDP-glucose with fungal Viperin was specific. Subsequent analysis using LC-MS confirm that UDP-glucose is a substrate of Viperin in vitro. Analysis of LC-MS data shows that fungal Viperin catalyzes addition of a 5 0 -dAdo radical and a hydrogen atom from solvent to UDP-glucose. Under reducing conditions, the hydrogen atom may be added as a proton followed by addition of an electron via the [4Fe-4S] cluster. Guided by previous data in which addition of a 5 0 -dAdo radical and a hydrogen atom to a substrate was observed at a carbonyl group or at a C=C double bond [10, 11] , we predict that Viperin catalyzes addition of a 5 0 -dAdo radical and a hydrogen atom to a C=C or C=O bond in the uracil unit of UDP-glucose. Indeed, docking experiments using UDP-glucose (Fig. 4A-B) showed that the carbonyl group at C 4 position of uracil in UDP-glucose is faced toward the C 5 position of the ribose group in SAM where the unpaired electron of the 5 0 -dAdo radical is localized (Fig. 1) . The distance of oxygen of the carbonyl group at C 4 positions to the C 5 position of ribose in the structure of mouse Viperin and the predicted structure of fungal Viperin (Fig. 4B) was approximately between 4 to 5 Å . This observation is consistent with the addition of a 5 0 -dAdo radical to the carbonyl group at C 4 position. Future work to purify the product and characterize its structure using NMR spectroscopy or X-ray crystallography is required to further develop our mechanistic understanding of Viperin enzymatic activity. It should be noted that we measured the activity of a thermophilic Viperin at room temperature. This would significantly reduce the rate of the enzymatic reaction explaining the small turnover of the enzyme with UDP-glucose as substrate. Alternatively, it is possible that UDP-glucose is not the natural substrate of Viperin or that the product inhibits enzymatic activity. Further experiments are required to test if UDP-glucose is a substrate of Viperin in vivo.
Uridine diphosphate glucose is a metabolite essential for the N-linked glycosylation machinery and many other cellular processes. In vitro identification of UDPglucose as a substrate of Viperin is consistent with the in vivo effect of Viperin on different processes directly linked to UDP-glucose, e.g., expression of viral glycoproteins [14] , formation of lipid rafts [20, 21, 23 ], cellular ATP level and glucose import [47] , and cholesterol level [21] . We speculate that the product of Viperin activity is an inhibitor of a glycosyltransferase of the N-linked glycosylation machinery. Thus, Viperin activity interferes with formation of oligosaccharide precursors and as a result disrupts glycosylation of proteins or lipids. Future in vivo experiments should test and validate this hypothesis.
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